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ABSTRACT 

The relationship between the formation of 0‘-meth)iguanine (O’MGj 
and the induction of lung, liver, and nasal tumors in the Fischer 344 rat 
by the tobacco-specific nitrosaminc 4-{methylnitrosamina}-l-{3-pyridyI)- 
1 -butanone (NNK) was examined in a dose-response study. Animals were 
treated for 20 wk (3 times/w k) with concentrations of NNK ranging from 
0.03 to 50 mg/kg to induce tumors.)Steady-state concentrations of 0‘MG 
were quantitated, and cytotoxicity was assessed in target cells and tissues 
after 4 wk of treatment with NNK, No cytotoxicity was detected in the 
lung during treatment with NNK. The formation of 0‘MG was greatest 
in Clara celts compared with macrophages, type II cells, small cells, and 
whole lung at all doses examined. The difference in adduct concentration 
between the Oara cell and other pulmonary cell types was most pro¬ 
nounced with low doses of carcinogen^ The 0 4 MG:dose ratio, an index 
of alkylation efficiency, increased M-fold as the dose of NNK was 
decreased from 50 to 1 mg/kg of carcinogen. In contrast, only a small 
increase in alkylation efficiency was observed in type II cells and whole 
lung. A significant number of tumors were induced in the lung at doses 
of 0.1 to 50 mg/kg with incidences ranging from 10% at the lowest dose 
up to 87% in the group of animals which received 50 mg/kg of NNK. A 
linear relationship was observed when the concentration of O'MG in 
Oara cells as a function of dose was plotted against the corresponding 
tumor incidence. This relationship was not observed using DNA adduct 
concentrations in type II ceils or whole long. The development of pul¬ 
monary tumors appeared to involve the formation of alveolar hyperplasias 
which progressed to adenomas and finally to carcinomas. The majority 
of adenomas were solid, whereas carcinomas were mainly papillary. 
Examination of the ultrastructure of the hyperplasias, adenomas, and 
carcinomas revealed morphological structures (e.g., lamellar bodies, tu¬ 
bular myelin) which are associated with type II cells. Thus, these data 
suggest that the majority of neoplasms in the lung begin as type II cell 
proliferations with progression to adenomas and carcinomas within the 
areas of hyperplasia. The lack of agreement between biochemical and 
morphological findings makes it difficult to hypothesize a cell of origin 
for the pulmonary neoplasms. In contrast to the lung, tumors were induced 
in the liver and nasal passages only after exposure to high doses of NNK. 
Moreover, both the formation of DNA adducts and cytotoxicity appear 
obligatory for the generation of tumors in these tissues. These studies 
indicate that the concentration of O'MG in the Clara ceil is an excellent 
indicator of the carcinogenic potency of NNK in the lung and, based on 
the biochemical data, also support the involvement of the Clara cell in 
the development of pulmonary neoplasms induced by NNK in the rat. In 
addition, these studies support the premise that the quantitation of DNA 
damage in target tissues at doses below and inclusive of standard carcin¬ 
ogenicity studies should aid in the estimation of risk from exposure to 
environmental carcinogens. 

INTRODUCTION 

The estimation of risk from exposure to a carcinogen has 
become an important question due to the presence of chemicals 
in the workplace and environment. Most risk estimates are 
based on long-term studies in laboratory animals in which 
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tumorigenicity is demonstrated following chronic exposure to 
high doses or the maximum tolerable dose of a given carcinogen 
which had been established from acute toxicity experiments. 
The problem that arises from such studies is that of extrapolat¬ 
ing high-dose tumor data in a laboratory animal to low-dose 
human exposure. Often linear extrapolations are performed to 
predict the tumorigenic potential of a compound. However, 
these estimates rely on the applied dose of a chemical and often 
overlook the fact that uptake, transport, and distribution to 
target tissues rarely are linear processes. Moreover, many gen- 
otoxic compounds require metabolism which could subse¬ 
quently lead to their removal from the cell by detoxification 
pathways prior to any electrophilic interaction with DNA. In 
addition, covalent binding to DNA will not always result in the 
fixation of promutagenic damage if the damaged template is 
repaired before cell replication has been initiated. Thus, the 
saturation of detoxification and repair pathways may be impor¬ 
tant factors in determining the relationship between the dose 
of a carcinogen and its tumorigenic response. 

An alternative approach which may be applicable when deal¬ 
ing with genotoxic compounds could be to relate the concentra¬ 
tion of DNA adducts in the target tissue or cell to the tumor 
response (1). Recently several techniques (e.g., ”P postlabeling, 
antibody assays, fluorescence spectrometry) have enabled the 
detection of DNA adducts in the pmol to attamol range (2, 3). 
Such technology will now permit dose-response studies to be 
carried out over several orders of magnitude inclusive of con¬ 
centrations detected in the environment for many carcinogens. 
These data could then prove invaluable for facilitation of the 
risk estimation process. 

Studies in our laboratory (4, 5) have examined the molecular 
dosimetry for DNA adduct formation and cytotoxicity of the 
tobacco-specific nitrosamine NNK. ! NNK is a potent genotoxic 
carcinogen produced from the nitrosation of nicotine and is 
present in mainstream and sidestream smoke as well as un¬ 
burned tobacco (6). Chronic treatment of rats with NNK results 
in the induction of tumors in the lung, liver, nasal cavity, and 
pancreas (7-9). The activation of NNK may occur by either a- 
hydroxylation, resulting in the formation of methylated DNA 
adducts (10), or oi-hydroxylation at the /V-methy[ carbon to 
yield, upon hydrolysis, a pyridyloxobutyldiazohydroxide (II) 
which could react with DNA to form a bulky adduct. Several 
studies in our laboratory have suggested that the formation of 
the promutagenic adduct 0 4 MG via a-hydroxylation is an 
important factor in the carcinogenicity of NNK in the rodent. 
Treatment of rats with multiple doses of NNK has been asso¬ 
ciated with both the accumulation of 0 6 MG in lung and a cell 
specificity for formation of this adduct in the nonciliated bron- 
chiolar epithelial (Clara cells) cells (4). Cell specificity for 
methylation of pulmonary DNA was not observed following 
treatment of rats with NDMA (12), a weak carcinogen in the 

1 The abbreviations used are: NNK, 4-(methylmirosamino)-l-<3-pyridyl>- 
t -butanone; NDMA, iV-nitrosodimethylamine; O a MG, O** methyl guanine; 
0 4 MGMT, 0 fi -meihylguaninc-DNA methyltransferas*. 
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rodent lung (1 3). Moreover, DSA methylation in the Clara cell 
was 50-fold greater by NNK than by NDMA at equimolar 
doses. Finally, pulmonary tumors induced in the A/J mouse by 
NNK have been shown to contain an activated K-ray oncogene 
(14). Activation of this gene occurred largely via a GC to AT 
transition in codon I 2, a mutation consistent with the formation 
and base-mispairing properties of 0‘MG (15-17). Taken to¬ 
gether, these studies indicate that the formation of this pro- 
mutagenic adduct is most likely a critical factor in the potent 
carcinogenic activity of NNK and that the concentration of this 
adduct in target tissues and/or cells may be an accurate dosim¬ 
eter for the estimation of tumor incidence. The purpose of this 
study was to determine the dose-response relationship between 
the formation of O s MG and the induction of lung, liver, and 
nasal tumors in the Fischer 344 rat. 


MATERIALS AND METHODS 

Carcinogen Treatment NNK was synthesized (18, 19) by Chemsyn 
Science Laboratories (Lenexa, KS). Purity was greater than 99% ac¬ 
cording to nuclear magnetic resonance, UV, IR, and thin-layer chro¬ 
matography. Male Fischer 344 rats (175 to 200 g; Charles River 
Breeding Laboratories, Kingston, NY) were treated with NNK (0, 0.03. 
J.1,0,3, 1.0, 10.0, and 50.0 mg/kg, which dose is equivalent toO, 0.16, 
0.48, 1.4., 4.8, 48, and 240 nmol/kg, s.c.) dissolved in trioctanoin 3 
times a wk for 20 wk. Animals were then killed over a 100-wk period 
following treatment and evaluated for the presence of tumors. Rats 
were killed when they exhibited a 10 to 15% loss of maximum body 
weight within a 2-wk period. Rats used for the quantitation of DNA 
methylation and cytotoxicity were treated for 4 wk with the same doses 
used in the carcinogenicity study described above and sacrificed 4 h 
after the last treatment. 

Histological Procedures. Nasal passages of rats from the carcinogen¬ 
icity study and animals which had been treated for 4 wk were removed, 
fixed in neutral buffered formalin (10%), decalcified in 10% formic acid 
for 3 days, and embedded in paraffin or glycol methacrylate. Tissue 
sections were stained with hematoxylin and eosin or toluidine blue for 
histopathological examination. Cytotoxicity, as indicated by either 
necrosis or metaplasia, was graded from 1+ to 4+. with I + indicating 
mild necrosis and 4+ representing either severe necrosis or total re¬ 
placement of normal epithelium by metaplastic basal cells. Lung, liver, 
kidney, brain, and any other gross lesion observed at necropsy were 
fixed in neutral buffered formalin, embedded in paraffin, and then 
stained with hematoxylin and eosin. 

Pulmonary Cell Separations. Six rats per dose group (0.1 to 50 mg/ 
kg of NNK) were anesthetized with Nembutal (Abbott Laboratories, 
Chicago, IL), and perfusion medium (Krebs-Henseleit bicarbonate) was 
pumped through the pulmonary circulation to remove blood from the 
lungs. After perfusion, the lungs were removed and lavaged 5 times 
with 4-(2-hydroxycthyi)-l-piperazincethanesulfonic acid-buffered salt 
solution to remove macrophages. Small cells, type II cells, and Clara 
ceils were then isolated by protease digestion of lungs followed by 
centrifugal elutriation as described in detail previously (4). Clara cells 
were identified after staining with nitroblue tetrazoiium (20) and were 
approximately 25% pure. Contamination of the Clara cell fraction 
included 30% macrophages, 25% type II cells, and 20% small cells. 
These values represent the average of 60 different lung ceil isolations 
and deviate by only 2 to 4%. The small cell preparation consisted 
primarily of endothelial cells and lymphocytes. Macrophage purity was 
at least 98%, with I to 2% contamination by lymphocytes. Type II cells J 
were visualized after staining with the modified Papanicolaou stain (21) 
and were approximately 90% pure. 

Microdissection and DNA Isolation. Respiratory and olfactory mu¬ 
cosa was microdissccted from the nasal passages of the rat. Respiratory 
mucosa was obtained from the naso- and maxilloturbinates, lateral 
walls, and median septum anterior to the olfactory epithelium. Olfac¬ 
tory mucosa was obtained from (he ethmoturbinates and the lateral 
wall and medium septum of the olfactory area. Respiratory or olfactory 


mucosa were pooled from two rars prior to DNA isolation. 

DNA was isolated from specific cell populations, whole lung, liver, 
and respiratory and olfactory mucosa by digestion with Pronase in IT 
sodium dodecyl sulfate, follow ed by phenol-chloroform extraction and 
ethanol precipitation (22). Samples were incubated w ith RNase Tl (100 
units; Sigma Chemical Co.) and RNase A (300 units; Sigma) for 3 h at 
37’C, and DNA was recovered by ethanoi precipitation. This procedure 
removed all RNA contamination as detected by electrophoresis of DNA 
on agarose gels. 

Determination of 0‘-MethjIguanine. A competitive radioimmuno¬ 


assay was used for the measurement of 0“MG in lung cells. The 
antibody to C'-methyldeoxyguanosine (2) was a gift from Dr. Roy 
SafThill. DNA was enzymatically digested to nucleosides using DNase 
I, alkaline phosphatase, and snake venom phosphodiesterase as previ¬ 
ously described (23). Fifty ul were removed from each sample and 
subjected to reverse-phase high-pressure liquid chromatography with 
integration of UV-absorbing peaks to determine the concentration of 
normal nucleosides (23). Digested DNA samples (0.1 to 0.5 mg) were 
chromatographed using reverse-phase high-pressure liquid chromatog¬ 
raphy. and fractions were collected, dried under reduced pressure, and 
then Subjected to radioimmune assay to determine the amount of 0*- 
methyldeoxyguanosine present (23). Limits of detection were 0.1 pmof/ 
umol of unmodified base. The purity of the Clara ceil preparation was 
25%; therefore, the amount of O fc MG measured in this cell preparation 


would underestimate the actual adduct concentration. The contaminat¬ 
ing cell types included type II cells (25%), macrophages (30%), and 
small cells (20%). Since these cell populations tvere isolated from lung 
with >90% purity, values for O fl MC in Clara ceil preparations for this 
study were calculated as described previously (4, 12) to exclude contam¬ 
ination from other cell types. 


RESULTS 


Dose Response for O^-Methylguanine Formation. The concen¬ 
tration of 0 6 MG was determined in whole lung, pulmonary 
cells, liver, and respiratory and olfactory mucosa following 4 
wk of treatment with doses of NNK ranging from 0.1 to 50 
mg/kg. This time point was selected based on previous studies 
(4) which had demonstrated steady-state concentrations of 
O b MG in whole lung. The formation of 0*MC was greatest in 
Clara cells, followed by alveolar macrophages, type 11 cells, and 
small cells with all doses of NNK (Table 1). The concentration 
of this adduct in whole lung approximated that seen in small 
cells and type II cells. The fact that there was little or no 0 6 MG 
formation in vitro by isolated macrophages indicates that a 
large proportion of the methylation seen in vivo in this cell type 
most likely results from the diffusion of the methylating species 
out of the metabolically active cells (12). The efficiency for 
adduct formation appeared greatest in the Clara ceils where the 
concentration of O^MG increased markedly in the dose range 
from 0.1 to 1.0 mg/kg of NNK. These changes are illustrated 
in a plot of alkylation efficiency in which the concentration of 
0 # MG as a function of dose versus the dose of NNK adminis- 


Table 1 Dose response for O 6 -methyfguarune formation in lung and specific lung 
cell types during chronic treatment with NNK 
Rats were treated for 4 wk by s.e. injection (3 times/wk) with doses of NNK 
ranging from 0.1 to 50 mg/kg. Animals were sacrificed 4 h after the last treatment. 
Lung cells were pooled and isolated from 6 rats, and DNA was isolated for 
determination of 0‘MG by competitive radioimmune assay as described in 
“Materials and Methods." 


Dose 

(mg/kg) 

Whole lung* 

Cell type (pmol of 0‘MG/#<mol of guanine) 

Small cells 

Macrophages 

Type 11 

Clara cells 

0.1 

0.3 ± 0.1 

0.4 

1.8 

0.1 

3.4 

0.3 

0.7 ±0.1 

0.6 

3.9 

0.6 

19.2 

1.0 

2.2 ± 0.3 

0.8 

36.2 

t.l 

67,4 

10.0 

6.8 ± 0.7 

3.8 

60.5 

5.3 

85.3 

50.0 

50.2 ± 2.2 

46.2 

74.3 

20.1 

116.7 


* Mean ± SE from 4 rats. 
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tered is displayed graphically (Fig. 1). Alkylation efficiency in 
the Clara cell increased 29-fold from 2.3 to 67 as the dose of 
NNK was decreased from 50 to 1 mg/kg and then declined to 
around 34 in animals treated with 0.1 mg/kg of carcinogen. In 
contrast, there was only a tendency for alkylation efficiency to 
increase in whole lung, while a small, but significant increase 
was observed in type II cells (Fig. I). 

Previous studies have demonstrated that repeated adminis¬ 
tration of NNK results in the accumulation of 0 6 MG in the 
lung, whereas the concentration of this adduct appears to de¬ 
cline markedly in the liver (24). The decline in alkylation 
observed in hepatic DNA results from the induction of 
O a MGMT, the protein which removes the methyl group from 
O l MG in DNA (25). Thus, in order to determine the potential 
for promutagenic damage in the liver, the extent of methylation 
was quantitated 4 h after treatment with a single dose of NNK 
as well as after 4 wk of carcinogen administration. Methylation 
of DNA was below' limits of detection with doses of NNK less 
than 1 mg/kg (Table 2). Following a single administration of 
NNK, the concentration of 0 6 MG increased in a linear fashion 
as the dose was increased from 1 to 50 mg/kg. After 4 wk of 
carcinogen treatment, methylation had decreased 7- to 20-fold 



DOSE NNK (mg/kg) 

Fig- l. Efficiency of O'-mclhyiguantnc formation. Concentrations of O ft MG 
(pntol of 0‘MG / p mol of guanine) in either Clara ceti, type II celt, or whole lung 
after 4 wk of treatment with NNK were divided by the dose of carcinogen !mg/' 
kg) and plotted against dose. 


Table 2 Dose response for 0*'tnethyigvanine formation and tumor induction in 
livers from Fischer rats following treatment with .Y\A' 

Rats were treated for up to 20 wk by s.c. injection (3 times/wk) with doses of 
NNK ranging from 0.03 to SO mg/kg. Animals were sacrificed 4 h afier the last 
treatment to determine the concentration of 0‘MC in the liver. The carcinogen- 
icily study was performed as described in Table 4. 


0 6 -Methylguanine 

(pmol of 0*MG/nmol Tumor classification 

of dG)‘ 


Dose 

(mg/lcg) 

1 Day 

4 Wk 

No. of 
animals 

Benign 

Malignant 

Vehicle 



40 

0 

0 

0.03 

ND 

ND 

60 

O 

0 

0.1 

ND 

ND 

60 

I 

0 

0.3 

ND 

ND 

60 

0 

0 

1.0 

2.3 £ U* 

ND 

30 

1 

1 

10.0 

13.4 ± 2.2 

1.9 ±0.1 

30 

3 

0 

50.0 

86.7 ± 7.5 

4.4 ± 0.6 

62 

24 

27 


"dG,deoxyguanosine;ND, not detectable (<0.I pmol/pmol of dG) forO‘MG 
quantitation. 

* Mean ± SE from 4 rats. 


in the two highest dose groups and was no longer detectable in 
livers of animals receiving 1 mg/kg of NNK. 

The concentration of 0 6 MG in respiratory and olfactory 
mucosa increased as a function of dose (Table 3). The largest 
change in methylation occurred as the dose of NNK was in¬ 
creased from 0.3 to 1.0 mg/kg. Under these conditions, meth¬ 
ylation was significantly greater in respiratory than olfactory 
mucosa. Regional differences in the amount of 0‘MG formed 
may stem from the presence of a low AT m pathway for metabo¬ 
lism of NNK which is more concentrated in the cells of the 
respiratory mucosa (5). Maximal concentrations of 0 6 MG were 
observed in both regions of the nose following treatment with 
10 mg/kg of NNK. Adduct concentrations were markedly less 
in olfactory but not respiratory mucosa in rats treated for 4 wk 
with 50 mg/kg compared with 10 mg/kg of carcinogen (Table 
3). 

Morphological Changes in the Nasal Passages, Lung, and 
Liver. Cytotoxicity was evaluated in the nasal passages, lung, 
and liver of rats following 4 wk of treatment with NNK. No 
toxicity was evident in the nasal passages after treatment with 
0.03 to 0.3 mg/kg NNK (Table 3). The first morphological 
changes were detected in rats treated with 1 mg/kg of carcino¬ 
gen and involved necrosis of Bowman's glands underlying the 
olfactory mucosa and mild degeneration of the olfactory epi¬ 
thelium. Increasing the dose of NNK resulted in marked nuclear 
degeneration within Bowman's glands in the form of pyknosis 
and karyorrhexis and, in many cases, complete loss of glands. 
High doses of carcinogen also resulted in the complete replace¬ 
ment of olfactory epithelium by metaplastic cells. The other 
major target for toxicity in the nasal passages appeared to be 
the lateral nasal gland (Steno's gland). Selective necrosis of the 
secretory cells was observed in animats treated with 10 mg/kg. 
Increasing the dose of carcinogen to 50 mg/kg resulted in the 
loss of up to 95% of the acini and intercalated ducts of Steno’s 
gland (data not shown). The respiratory epithelium appeared 
relatively resistant to toxicity by NNK. Only mild metaplasia 
was observed following treatment with high doses of carcinogen 
(Table 3). No toxicity was evident in the liver or lungs from 
animals treated for 4 wk with NNK. Previous studies had 
revealed that treatment with 100 mg/kg of NNK for 12 consec¬ 
utive days also did not induce any pulmonary' toxicity but 
resulted in progressive necrosis to centrilobular regions of the 
liver (24). 

Proliferative Changes Observed in Lung and Liver during 
Treatment with NNK. The time course for the development of 
proliferative changes in the lung and liver was determined in 
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Table 3 Dose response for toxicity and O*-methylguan in e formation in nasal passages of the Fischer rat during chronic treatment with NSK 


Rais were treated for 4 wk bv s.c. injection (3 times/wkj with doses of NNK ranging from 0.03 to 50 mg/lcg. Animals were sacrificed 4 h after the Iasi treatment 
Four animals per dose were used for evaluation of toxicilj. 


Dose 

(mg/kg) 


Degree of necrosis or metaplasia* 


praol of 0*MG/>mof of dG* 

Steno's 

gland 

Bowman’s 

glands 

Respiratory 

epithelium 

Olfactory 

epithelium 

Respiratory 

mucosa 

Olfactory' 

mucosa 

0.03 

- 

- 

- 

- 

ND 

ND 

0.1 

- 

- 

- 

- 

2.4 ± 0.5* 

3.1 ± 0.8 

0.3 

- 

- 

- 

— 

7.3 ± 1.8 

5.5 * l.t 

1.0 

- 

++ 

— 


91.* ± 10.2* 

53.2 ± 9.4 

10.0 



+ 

++ 4 - 

238.4 ± 13.3 

177.2 + 36.3 

50.0 

+-F + 

4-+++ 

+ 

+++ + 

217.3 ± 14.2* 

17.3 ± 3.9 

* Degree of necrosis 

or metaplasia graded from — to ++++: 

-*- t mild necrosis; 

4-F++, either severe 

loss of glands or total replacement of normal cells with 


metaplastic basal cells. 

* dG, deoxyguanosine; ND, not determined. 
c Mean ± SE from 3 pairs of rats. 

* P < 0.05 when comparing respiratory mucosa with olfactory mucosa. 


animals treated for 6, 10, 16, or 20 wk with either 10 or 50 
mg/kg of NNK. The major lesion observed in the lung during 
carcinogen treatment was the appearance of hyperplasias con¬ 
sisting of irregularly shaped and poorly delimited localized 
regions in which there was localized epithelialization of the 
alveolar walls (Fig. 2 A). In the larger hyperplasias there was 

ickening of the alveolar septa by connective tissue (Fig. 2 C). 
« hese lesions were first detected after treatment for 10 wk with 
50 mg/kg of NNK, and approximately 2 to 3 areas of hyperpla¬ 
sia were observed per standard lung section (data not shown). 
The multiplicity of this lesion remained constant during the 
treatment period. In animals receiving 10 mg/kg of carcinogen, 
evidence of hyperplasia was observed after 20 wk, but with a 
much lower multiplicity (0.75 hyperplasias/lung section). 

The early lesion observed in the liver during treatment with 
NNK was a mixed cell focus consisting mainly of clear cells 
and cells possessing a ground glass cytoplasm similar to that 
observed in eosinophilic foci (26). These foci were small (less 
than 5 nfm) and were first detected at a low frequency (one per 
standard liver section) after treatment for 16 wk with 50 mg/ 
kg of NNK. The multiplicity of this lesion increased approxi¬ 
mately 6-fold following 20 wk of carcinogen treatment. No foci 
were evident at 20 wk in the group of rats treated with 10 mg/ 
kg of NNK. 

Dose Response for the Induction of Tumors in Lung, Liver, 
and Nasal Passages. Pulmonary tumors were induced in the 
Fischer rat following treatment for 20 wk with doses of NNK 

nging from 0.03 to 50 mg/kg (Table 4). The incidence of 
tumors ranged from 6.7% at the lowest dose of carcinogen up 
to 87% in the group of animals which received 50 mg/kg. 
Tumor incidence was significantly different from vehicle- 
treated animals at all doses except 0.03 mg/kg. However, trend 
analysis of the lower 3 doses compared with vehicle indicated 
a significant induction of tumors in this dose range. The inci¬ 
dence of tumors observed after treatment with 1.0, 10, or 50 
mg/kg was similar to that reported previously (8, 13). The dose- 
response curve for tumor incidence revealed a sharp decline in 
tumorigenicity as the dose of carcinogen was decreased from 
1.0 to 0.3 mg/kg (Fig. 5A). The incidence of alveolar hyperpla¬ 
sia exceeded that of tumors in animals receiving 0.03 to 0.3 
mg/kg of carcinogen and was significantly different from vehi¬ 
cle-treated animals (Table 4). Hyperplasias were also present 
in lungs from the majority of animals treated with high doses 
of NNK (1 to 50 mg/kg). 

The relationship between adduct concentration and tumor 
incidence was evaluated by plotting the dose response for 0‘MG 
in Clara cells, type 11 cells, or whole lung versus tumor incidence. 
A linear relationship was observed (correlation coefficient, r = 


0.99) when the concentration of O e MG in Clara cells as a 
function of dose was plotted against the corresponding tumor 
incidence (Fig. 35). Similar plots comparing adduct concentra¬ 
tions in either type II cells or whole lung to tumor incidence 
were not very linear as indicated by correlation coefficients of 
approximately 0.77 (data not shown). 

In contrast to the lung, only treatment with high doses (I, 
10, or 50 mg/kg) of NNK resulted in the induction of nasal or 
hepatic tumors. A 7 to 10% incidence of hepatic tumors was 
observed following treatment with either 1 or 10 mg/kg of 
NNK (Table 2). A marked rise in both adenomas and carcino¬ 
mas occurred when the concentration of NNK was increased to 
50 mg/kg. Only one nasal tumor was detected in animals treated 
with less than 10 mg/kg of carcinogen (Table 5). The majority 
of tumors observed in the respiratory region were benign poly¬ 
poid adenomas, whereas a much greater proportion of carci¬ 
nomas were found in the olfactory region (Table 5). Many of 
these malignant neoplasma infiltrated through the cribriform 
plate into the brain (data not shown). 

Chronic lifetime exposure of Fischer 344 rats to low doses 
of NNK (0.5 to 1.0 ppm in drinking water) has been associated 
with a significant increase in exocrine pancreatic tumors (9). 
This tumor had not previously been observed in rats treated by 
s.c. administration of NNK for 20 wk (7, 8). In the present 
study, lung, liver, nasal cavity, brain, kidneys, and any other 
gross lesion were all collected for histopathological examina¬ 
tion. Since many of the animals had been sacrificed prior to the 
report of the induction of pancreatic tumors, microscopic le¬ 
sions in this tissue may have gone undetected during necropsy. 
However, the pancreas from the last 50 animals (dose groups 
included control and 0.3 to 1.0 mg/kg NNK) sacrificed was 
examined for the presence of neoplasms. Two islet cell adeno¬ 
mas were detected in animals which had received 0.03 mg/kg 
of carcinogen. The incidence of spontaneous tumors in the 
Fischer rat (e.g., mononuclear cell leukemia, mammary neo¬ 
plasms, testicular Leydig tumors) was not significantly different 
from previous carcinogenicity studies conducted by the Na¬ 
tional Toxicology Program (27). 

Distribution and Classification of Pulmonary Tumors Induced 
by NNK. The spectrum of neoplasms induced in the lung by 
NNK included alveolar hyperplasias, adenomas, adenocarci¬ 
nomas, and squamous cell carcinomas. The progression of these 
neoplasms from a hyperplasia to a benign and finally a malig¬ 
nant tumor was suggested by the observation that, in several 
lungs, an adenoma was detected arising within a hyperplasia 
(Fig. 25). In addition, a few of the adenocarcinomas were 
observed arising within adenomas (Fig. 2E). Adenomas de¬ 
tected in the rat lung were composed of spherical aggregates of 
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Fig. 2. Spectrum of neoplasms induced m ihc rat lung from treatment with NNK. A, focal hyperplasia localized at the pleural surface. The triangular area of 
hyperplasia is characterized by thickening of the alveolar walls by cuboidal type 11 pneumocyies. A few alveolar macrophages are present in the alveolar spaces, x 41. 
S, a solid adenoma arising at the base of a focal area of hyperplasia. * 25. C. a solid adenoma {l*fi half of photomicrograph) arising in an area of hyperplasia, In the 
adenoma, alveolar spaces have been filled with proliferating epithelial cells. In the hyperplastic area on the right, the alveolar septa arc thickened b> connective tissue 
proliferation and lined by cuboidal type II pneumocytes. x 103. D, a solid adenoma where alveolar structure has been obliterated by proliferating epithelial cells. x 
156. £. a carcinoma arising in an adenoma. The carcinoma <arroK-1 is composed of a densely cellular area of hvperchromatic cells and is surrounded by a solid 
adenoma. Alveolar structure ts still evident in the lower left of thr photomicrograph, x 125. F. a papillary carcinoma composed of irregularly shaped papillary profiles 
with a fibrovascular core lined by cuboidal ceils, * 62,5, O', a large mixed carcinoma where a significant pcinion of the lung parenchyma has been replaced b> a 
proliferating mass (right portion of the micrograph) composed of solid areas of squamous epithelium together with papillary structures, x I 2.5. //. higher magnification 
(x 1 25} of O'. Keratinizing squamous epithelium un the right is present along with distinct areas of papillary proliferation. 
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Table 4 Dose response for induction of hyperplasia and tumors in lungs from the 
Fischer rat following chronic treatment with NNK 
Rats were treated with NNK (0.03 to 50 mg/kg, s.c.) dissolved in triocianoin 
or just trioctanoin 3 times/wk for 20 wk. Animals in the treatment group were 
killed over the course of 104 wk following cessation of treatment. Animals were 
scored for the presence of hyperplasia irrespective of whether a benign or malig¬ 
nant tumor was also Observed. Tumor data and incidence reflect the number of 
animals with a particular tumor. Animals possessing multiple tumors or both a 
benign and malignant tumor were counted only once, and the more aggressive 
lesion was recorded in the table. Tumor incidence was significantly different (P 
< 0.05) from vehicle-treated animals at all doses except 0.03 mg/kg- 


Dose 

(mg/kg) 


Hyperplasia 

Tumor classification 

No. of 
animtls 

No. 

observed 

Incidence 

(%) 

Benign 

Malig¬ 

nant 

Incidence 

(%) 

Vehicle 

40 

I 

2.5 

0 

i 

2.5 

0.03 

60 

10 

16.4 

3 

1 

6.7 

0.1 

60 

9 

15.0 

3 

3 

10.0 

0-3 

60 

24 

40.0 

5 

3 

13.3 

1.0 

30 

22 

73.3 

12 

4 

53.3 

10.0 

30 

28 

93.3 

II 

M 

73.3 

50.0 

62 

58 

93.5 

10 

44 

87.1 


"V 




Concentration of 0 6 *Methyiguanino 

(n aura Coll* 

Fig. 3. Dose response for lung tumor induction by NNK (A) and the relation¬ 
ship between the induction of lung tumors and the concentration of <7‘-methyl- 
guanine in Clara cells (19). The incidence oflung tumors following treatment with 
doses of NNK ranging from 0.03 to 50 mg/kg was plotted as ■ function of dose 
(A), The relationship between adduct concentration and tumor incidence is 
depicted by plotting the dose response for 0‘MG formation in Clara cells versus 
tumgr incidence. 


well-differentiated epithelial cells that had proliferated to fill 
and obliterate alveolar spaces (Fig. 2, B to D). These benign 
neoplasms consisted of well-differentiated cells that lacked 
atypia and cellular crowding and grew by irregular extension 
into adjacent alveoli. Some adenomas were spherical and caused 
compression of the surrounding parenchyma and/or elevation 
of the natural surface contour. Cell growth within the adenoma 
occurred in a solid, papillary, or mixed solid and papillary 
pattern. Greater than 80% of the adenomas induced by NNK 


Tabic 5 Dost Wf/WBW for tumor induction in nasal passages from the Fischer rat 
following chronic treatment with /VAX 

Conditions as described in Table 4. Animals were scored as possessing a 
respirator) and/or olfactory tumor. Animals which possessed muhiple benign or 
malignant respiratory or olfaeiory tumors were counted only once, and the more 
aggressive lesion was recorded in the table. 


Respiratory region 


Olfactory region 


Dose 

(mg/kg) 


No. of 
animals 


Benign 


Ma¬ 

lig¬ 

nant 


Incidence 

(%} Benign 


Ma¬ 

lig¬ 

nant 


Incidence 

i%) 


Vehicle 

0.03 

0.1 

0.3 

1.0 

10.0 

50.0* 


40 

60 

60 

60 

30 

30 

62 


0 

0 

0 

0 

0 

15 

18 


0 

0 

0 

0 

0 

53 

34 


0 

0 

0 

0 

0 

4 

28 


0 

0 

1 

0 

0 

4 

24 


0 

0 

2 

0 

0 

26 

50 


* Data taken from Ref. 5. 


Table 6 Distribution and classification of pulmonary tumors induced by NNK 
Rats were treated with NNK (0.03 to 50 mg/kg, s.c.) dissolved in trioctanoin 
3 times/wk for 20 wk. The data reflect the type and total number of tumors 
observed in the lung. Several animals presented with multiple tumors of varying 
classification. 


Dose 

(mg/kg) 


Adenoma 



Carcinoma 


Solid 

Papillary 

Mixed 

Solid 

Papillary Mixed 

Squamous 

0.03 

3 

0 

0 

0 

1 0 

0 

0.1 

3 

0 

1 

0 

1 1 

1 

0.3 

5 

0 

0 

0 

1 0 

1 

1.0 

11 

1 

0 

4 

2 1 

0 

10.0 

36 

2 

4 

2 

7 I 

2 

50.0 

14 

4 

0 

S 

34 0 

12 


exhibited a soiid growth pattern (Table 6). Carcinomas gener¬ 
ally obliterated large areas of pulmonary parenchyma (Fig. ZG ) 
and occasionally were observed to invade bronchial walls and 
grow into airways. There was considerable heterogeneity in the 
cellular composition and growth pattern in the malignancies. 
A few carcinomas, however, were composed of well-differen¬ 
tiated cells and were difficult to unequivocally distinguish from 
adenomas. Categorization of such lesions as carcinomas was 
based on cytologica! atypia, nuclear crowding, and localized 
invasiveness. Based upon the predominant cell type and pattern 
of growth, 60% of the malignant neoplasms were classified as 
papillary adenocarcinomas (Fig. 2F, Table 6), 25% as squamous 
cell carcinomas, and 15% as solid or mixed carcinomas (Fig. 
2H). The spectrum and distribution of pulmonary neoplasms 
were similar over the dose range of NNK administered (Table 
6). 

Examination of the ultrastructure of several hyperplasias 
revealed a proliferation of epithelial cells along the alveolar 
septa (Fig. 4, A and B). These cells resembled type II pneumo- 
cytes and typically contained numerous prominent cytoplasmic 
lamellar bodies and large round mitochondria. Ultrastructural 
examination of several benign and malignant neoplasms also 
revealed morphological features commonly associated with type 
II cells. Intracytoplasmic lamellar bodies (Fig. 4, C to F) and 
luminal accumulations of tubular myelin, features typically 
associated with type II pneumocytes, were present in some 
neoplasms. Multivesicular bodies showing transition to lamel¬ 
lar bodies were observed (Fig. 4, D and F). In some adenomas, 
ribosomes were numerous in the cytoplasm (Fig. 4 D). Papillary 
neoplasms often had apical cytoplasmic blebs which were de¬ 
void of cytoplasmic organelles (Fig. 4£). Often there was con¬ 
siderable heterogeneity of these ultrastructural features within 
a neoplasm as well as among animals. 
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Fig. 4 Electron micrographs of NNK-induced pulmonary tumors. A, hyperplasia <x 2257) depicting alveolar septa covered by epithelial cells containingcytoplasn 
lamellar bodies (arrows). B s higher magnification (x 5483) of A. Large round mitochondria {arrows) are present in the cytoplasm along with lamellar bodies of »arn 
sizes. C. a solid adenoma is depicted (x 2100). £>, higher magnification (x 4920) of C. Multivesicular and lamellar bodies are present in the ribosome-rich cyioplav 
Some multivesicuiar bodies reflect transitional development in lamellar bodies. £. a papillary carcinoma composed of columnar cells, dense circular cytoplaSd 
bodies, and lamellar bodies of varying sizes, Cytoplasmic blebs (arrows) are present along the apical cuoplasmic surface (x 4|93j. F. higher magnification of t. 
9000) showing the dense cytoplasmic bodies which are multivesicular structures (arrow.fl believed to represem precursors of lamellar bodies. Lamellar bodies 
present in the cytoplasm. 
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DISCUSSION 

The concentration of O 0 MG in the Clara cell appears to be 
an excellent indicator of the carcinogenic potency of NNK in 
the lung. This conclusion is supported by a correlation coeffi¬ 
cient of 0.99 observed between the dose response for tumor 
induction and adduct concentration in the Clara cell. The fact 
that adduct concentrations in the Clara cell, but not in the type 
II cell or whole lung, exhibited the best correlation with tumor 
induction suggests that cell specificity for formation of 0‘MG 
in this cell type is an important factor in explaining the wide 
dose range over which pulmonary tumors are induced by NNK. 
The efficiency for DNA methyiation in the Clara cell during 
treatment with low doses of NNK (0.1 to 1 mg/kg) was 20- to 
30-fold greater than that exhibited by type 11 cells or whole 
lung. The high concentrations of 0 6 MG have been ascribed to 
the presence of a high-affinity pathway for activation of NNK 
to a methylating agent. This pathway appears to be more 
concentrated within the Clara cells than other pulmonary cell 
types (4, 12). In addition, the accumulation and persistence of 
DNA damage in the Clara cell are further augmented by the 
differences in activity and rate of resynthesis of the repair 
enzyme O s MCMT in this cell type as compared with type If 
cells, small cells, and macrophages (28). The importance of 
DNA repair by 0‘MGMT is clearly demonstrated by compar¬ 
ing previous studies which examined the dose response for 
0‘MG formation and alkylation efficiency in lung and pulmo¬ 
nary cells following treatment with NNK for 12 consecutive 
days (4) versus the protocol used in this study. A higher concen¬ 
tration of adduct per unit dose (e.g., 25 versus 7 pmoles 0‘MC/ 
Fimole guanine in whole lung) was observed following 12 con¬ 
secutive days of treatment with 10 mg/kg of NNK as compared 
with 12 treatments over a 4-wk period. In addition, consecutive 
exposure to low doses of NNK was also associated with a much 
greater increase in alkylation efficiency in whole lung and type 
II cells than observed in the current study. Treatment of rats 
with multiple consecutive doses of NNK decreased activity of 
0‘MGMT by 57% in type II cells and to below limits of 
detection in Clara cells (28), Very little loss of 0‘MG was 
observed in Clara cells over an 8-day period following cessation 
of carcinogen treatment, while this adduct was removed effi¬ 
ciently from type II cells. The differences in the alkylation 
efficiency curves observed in this study for the Clara cell, type 
II cell, and whole lung reflect heterogeneity in both the rate of 
formation and removal of promutagenic damage. Therefore, 
treatment of rats for consecutive days rather than just 3 times 
a wk should result in higher concentrations of 0‘MG in pul¬ 
monary cells, which in turn would most likely cause an increase 
in tumor incidence, particularly in the dose range of 0.03 to 1.0 
mg/kg of carcinogen. The consequences of multiple adminis¬ 
trations of NNK are demonstrated by the fact that lung tumors 
are induced in 50% of rats 1 yr after treatment (100 mg/kg/ 
day) for only 12 consecutive days. 1 

Both Liver and nasal passages appear to be targets for neopla¬ 
sia only following exposure to high doses of NNK. In contrast 
to the lung, there are no accumulation and persistence of O'TvIG 
in hepatocytes. Following 4 wk of treatment with 10 mg/kg of 
NNK, the concentration of this adduct was 42-fold greater in 
Clara cells than the liver. The decline in the concentration of 
0‘MG observed in liver results from the induction of the 
O fi MGMT pathway (25). Thus, the rapid repair of this adduct 
in the liver protects this organ rather effectively from the 
induction of neoplasms during exposure to NNK. Although 

’ S. X. Belinsky, unpublished observations. 


adduct concentrations were reduced greatly during treatment 
with even 50 mg/kg of NNK. [his dose still resulted in a very 
high incidence of tumors. The induction of tumors was most 
likely facilitated by the acute toxicity observed in the liver 
during exposure to high doses of this carcinogen (24). Cell 
proliferation secondary to toxicity could lead to the fixation of 
the promutagenic damage in DNA and generation of the initi¬ 
ated cells which were detected in livers from rats treated with 


50 but not 10 mg/kg of NNK. 

The formation of DNA adducts and cytotoxicity also appear 
obligatory for the induction of nasal tumors (5). Both the steep 
dose response and the localization of lesions in the nasal 
passages appear to result from a difference in sensitivity to the 
cytotoxicity of NNK. Although the concentration of O'MG 
was greater or similar in respiratory than olfactory regions 
during exposure to low doses of carcinogen, no cytotoxicity was 
observed, nor were any tumors induced. Marked toxicity to the 
olfactory region and the subsequent formation of malignant 
neoplasms were observed only during exposure to high doses 
of NNK (10 or 50 mg/kg). The effect of toxicity on the activa¬ 
tion of NNK was evident by the marked decline in 0‘MG 
formation following treatment for 4 wk with 50 mg/kg of 
carcinogen. In contrast, mainly benign neoplasms were detected 
in the respiratory region, an area where little toxicity was 
observed. It is apparent that the nasal passages are more resist¬ 
ant to neoplasia than the lung since treatment with 1 mg/kg of 
NNK produced similar concentrations of O s MG in the olfac¬ 
tory region and Clara cells, yet only pulmonary tumors were 


observed at this dose. 

The positive correlation observed between the concentration 
ofO‘MG in Clara celis and the induction of pulmonary tumors 
implies that this cell type plays an important role in the genesis 
of neoplastic development. This hypothesis is supported by the 
fact that cell selectivity for DNA methyiation was not observed 
in pulmonary ceils from rats treated with NDMA (12), a weak 
carcinogen in the rodent lung (13). Following acute exposure 
to low equimolar doses of either NNK or NDMA. formation 
of 0‘MG was 50-fold greater in Clara ceils from animals 
exposed to NNK than NDMA. However, chronic treatment of 
animals with high doses of NDMA produced considerable 
methyiation within the Clara cell (12) and resulted in a 62% 
incidence of lung tumors (29). The localization of a high-affinity 
pathway for activation of NNK and the low rate of repair in 
the Clara cell would make it a sensitive target for carcinogen- 
induced initiation of neoplasia. Based on all the studies de¬ 
scribed above, one would expect the early proliferative changes 
within the lung to involve the bronchiolar airways, the anatom¬ 
ical location for the Clara cell. However, the hyperplasias 
detected in this study all arose within the alveolar area. These 
lesions appeared to progress to solid adenomas, tumors which 
in the mouse are thought to derive from type II cells (30). 
Differentiation to the malignant state was associated with the 
appearance of a papillary' growth pattern which has frequently 
been ascribed to tumors of either alveolar or bronchiolar origin 
in mice and hamsters (30-33). Ultrastructural examination of 
hyperplasias, adenomas, as well as carcinomas in this study 
revealed morphological features characteristic of the type 11 cell 
(34). The present results pose a dilemma in hypothesizing a 
cell of origin Tor the observed pulmonary neoplasms. The 
presence and persistence of DNA adducts support the Clara 
cel) as a progenitor cell, while morphological findings suggest 
that the majority of neoplasms begin as type It cell prolifera¬ 
tions with progression to adenomas and carcinomas within the 
areas of hyperplasia. These findings serve to underscore the 
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complexity of determining the progenitor cell(s) of NN'K-in- 
duced lung neoplasms and leave several questions unanswered. 
One intriguing issue is the mechanism by which the hyperplastic 
response is induced within the alveolar area. In contrast to both 
liver and nose, where cytotoxicity appears to play a definitive 
role in the neoplastic response, no overt toxicity is observed in 
the lung. One hypothesis to explain the onset of the alveolar 
hyperplasia could be a signal from the Clara cell following 
DNA damage. The close proximity of the airways to the alveolar 
area would certainly facilitate communication among pulmo¬ 
nary cells. 

Lung tumors were induced in rats at doses of NNK (0.03 to 
0.1 mg/kg) which are associated with the use of chewing tobacco 
and cigarettes (8). Although, there appeared to be a marked 
decline in the incidence of neoplasms as the dose of NNK 
administered was decreased from 1.0 to 0.3 mg/kg, the shape 
of the dose-response curve may be slightly in error due to the 
limited lifespan of the rat. The progression of pulmonary neo¬ 
plasia suggests that a high percentage of the hyperplasias de¬ 
tected in animals treated with low doses of carcinogen would 
probably develop into adenomas and ultimately to carcinomas 
given sufficient time for clonal expansion and differentiation to 
the malignant phenotype. The potency of NNK as a human 
carcinogen may also be augmented by the presence of other 
carcinogens, promoters, and respiratory irritants within tobacco 
products. This study demonstrates that the concentration of 
the 0‘MG adduct in Clara ceils provides an cxceilent index of 
the carcinogenic potency of NNK. The quantitation of DNA 
damage to target tissues by other carcinogens over the dose 
ranges below and inclusive of animal tumorigenicity studies 
could greatly aid in the risk extrapolation process. 
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